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In this paper, we present experimental studies of electrochemical performance of an all-
vanadium redox flow battery cell employing an active area of 103 cm2, activated carbon
felt, and a novel flow field, which ensures good electrolyte circulation at low pressure
drops. Extended testing over 151 consecutive charge/discharge cycles has shown steady
performance with an energy efficiency of 84% and capacity fade of only 0.26% per cycle.
Peak power density of 193 mW cm2 has been obtained at an electrolyte circulation rate
of 114 ml min1, which corresponds to stoichiometric factor of 4.6. The present configu-
ration of the cell shows 20% improved in peak power and 30% reduction in pressure
drop when compared to a similar cell with a different electrode and a serpentine flow
field. [DOI: 10.1115/1.4035847]
Keywords: redox flow battery, energy efficiency, pressure drop, polarization curve, circu-
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1 Introduction
Solar photovoltaic power generation has seen drastic reductions
in cost in recent years. As a result, there has been renewed interest
in all-liquid vanadium redox flow batteries (VRFBs) as a potential
energy storage technology. In the context of exploitation of solar
photovoltaic systems, VRFBs offer unique advantages; these
include long discharge times, long life time, absence of fire haz-
ard, and modularity and scalability of the design. VRFBs have
been in continual development over the past couple of decades.
Recent research focus has been on increasing the performance
through additives, improved design, and reducing cost through
cheaper and better performing materials. Useful reviews of the
current status of VRFBs can be found in Refs. [1–3]. A number of
parameters have been used in the literature to characterize the per-
formance of a VRFB system. Principal among these are the oper-
ating current density, the operating stoichiometric factor, the
capacity fade per charge–discharge cycle, the number of cycles
actually tested, the pressure drop for electrolyte circulation, and
the round-trip efficiency. The operating current density should be
high so as to have a compact system but should not lead to signifi-
cant deterioration in the round-trip efficiency; the capacity fade
should be low; the stoichiometric factor (the ratio of electrolyte
flow rate to that required to maintain the current) should be high
enough to avoid significant concentration polarization; and the
pressure drop should be as low as possible so as to minimize leak-
age problems and auxiliary power consumption.
Although VRFBs are commercially available in systems of up
to megawatt-hour range, the economics of these systems can be
improved by substantial enhancement of these parameters. Table 1
lists the values of some of these parameters as reported in journal
articles published in the past three years [4–16]. Among these,
Wang et al. [4] reported the performance characteristics of a new
Fe/V redox flow battery. Chang et al. [5], Liang et al. [6], He et al.
[7,8], Park et al. [9], and Han et al. [10] proposed new additives
for the positive electrolyte for an all-vanadium RFB. Liu et al.
[11] and Shen et al. [12] investigated additives for the negative
electrolyte of a VRFB. Wei et al. [13], Zhou et al. [14], and Luo
et al. [15] discussed the performance of new composite membrane
separators. Roe et al. [16] presented data for a high-density VRFB
system. One can see that most of the studies have been conducted
in cells of small size (25 cm2), and that most have used a charg-
ing current density in the range of 40–60 mA cm2. Much higher
charging and discharging current densities have been reported
[17,18]; however, these have been obtained in cells of the active
area of only 5 cm2. Similarly, high round-trip efficiencies in
excess of 80% have been reported; however, these have been
obtained in small cells, and typically at very high stoichiometric
factors, which are not sustainable on large cells due to the exces-
sive pressure drop.
Scaling up to large sizes brings the twin difficulties of maintain-
ing uniform reactant distribution and minimizing the pressure
drop as the electrolyte is circulated through the cell. The latter is
important not only to reduce parasitic energy consumption by the
pumps but also to minimize leakage problems that may arise from
excessive cell pressure drop. There have been a number of sys-
tematic studies of the design of flow fields for VRFB systems
starting with the work of Zhu et al. [19]. Chen et al. [20] con-
ducted an experimental comparison between serpentine and paral-
lel flow fields and concluded that there would be nonuniform flow
distribution in the parallel flow field. Tsushima et al. [21] studied
the electrochemical performance in serpentine and interdigitated
flow fields and found that the interdigitated flow field gave a better
performance as compared to serpentine flow field. Jyothi Latha
and Jayanti [22] conducted comparative measurements in a VRFB
cell with an active area of 40.8 cm2 with serpentine and interdigi-
tated flow fields and found the latter to be better. Kumar and
Jayanti [23] reported measurements in a 100 cm2 cell over a large
number of cycles and found better performance from a serpentine
flow field than from an interdigitated flow field. However, the
reported efficiency was only about 70%. The focus of the present
work is to develop a new flow field that would tend to reduce the
pressure drop and would therefore be more scalable to larger
dimensions. Reduction in pressure drop has the deleterious effect
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of reducing convective flow of reactants through the carbon felt
[24]. This is countered in the present study by using a special flow
field which enhances cross flow [25]. Together with this, a com-
mercially available activated carbon felt is used to increase the
voltaic efficiency. One may note that, from an electrochemical
performance point of view, having higher cross flow would lead
to reduced concentration polarization and higher peak power.
Having an activated electrode will reduce the activation overpo-
tential and would lead to higher energy efficiencies even at low
current densities. Reduced pressure drop would mitigate the leak-
age problem and would reduce the parasitic power consumption
for electrolyte circulation. The measures investigated in the pres-
ent study will lead to an overall configuration that is more efficient
and more scalable to larger sizes. The characterization of this con-
figuration for a cell with an active area of 103 cm2 is discussed
below.
2 Details of the Experimental Setup
The construction of a single-cell of VRFB is similar to that
reported in our previous study [23] except for two variations.
First, the electrodes in the present experiment are made up of one
layer each of activated carbon felt from Vispadh Group
(GF060BH felt with and uncompressed thickness of 5.5 mm) of
dimensions 105 mm 98 mm. Second, the flow fields for electro-
lyte circulation correspond to a split-serpentine pattern configured
to enhance cross flow through the porous electrode [25] and are
shown schematically in Fig. 1. While serpentine flow fields pro-
mote circulation through the carbon felt by the pressure difference
between adjacent linear segments, the circulation is not strong
near the U-bends [24]. The groove pattern in the enhanced cross-



















Wang et al. [4] 10 20 50 82 100 80.4
Chang et al. [5] 50 40 68 42
Wei et al. [13] 40 20 50 78.1 13 40 0.33 8.4
Laing et al. [6] 30 60 73 10 40 0.25
He et al. [7] 30 40 81.5 17.5 40 0.44
Lei et al. [8] 30 60 75.9 12 42 0.29
Liu et al. [11] 30 60 76.4 15 40 0.38
Park et al. [9] 12 40 75 40 500 0.08
Han et al. [10] 30 60 74.88 30.5 40 0.76
Shen et al. [12] 30 500 60 76 50 223
Zhou et al. [14] 10 180 40 78 6 20 0.30 0.30
Roe et al. [16] 22.5 50 62 33 36 0.92
Luo et al. [15] 21.2 40 87 13.5 50 0.27
Present study 103 88 50 84 38.5 151 0.25 14.2
Fig. 1 Schematic diagram of the enhanced cross-flow split-
serpentine flow field (ECSSFF)
Fig. 2 Predicted contours of (a) pressure at midheight of the channels in the graphite plate
and (b) velocity at midheight of the carbon electrode for an electrolyte inlet Reynolds number
of 720 in the enhanced cross-flow split-serpentine flow field
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flow split-serpentine flow field (ECSSFF) shown in Fig. 1 over-
comes this deficiency by creating strong pressure difference
between every U-bend and its adjacent straight channel. This pro-
motes under-the-rib convection even in the U-bend region [25]. In
the process, the flow field is split into two serpentines so that the
flow through each is halved and the pressure drop is reduced. A sim-
ilar groove pattern which enhances cross flow in U-bend region of
serpentines is given by Suresh et al. [25] for a three-way split. In the
present study, the groove pattern shown in Fig. 1 was created in a
graphite plate (R7510, 10 mm thick from SGL carbon (SGL)) to
make up the flow field on each side of the cell. The channel width,
the rib width, and the groove depth were maintained constant at
3 mm giving a flow cross-sectional area of 3 mm 3 mm in the
channel. Nafion membrane (Nafion 117, 0.18 mm thickness in dry
condition from Alfa Aesar, Hyderabad, India) was used as the pro-
ton conducting membrane-cum-separator. The Nafion 117 mem-
brane was used directly as received from Alfa Aesar without any
prior pretreatment. On both sides, silicon gaskets of 3 mm thickness
were used to prevent electrolyte loss. A copper plate of 2 mm thick-
ness and a 15-mm thick Perspex sheet were used as the current col-
lector and the end plate, respectively. The cell was tightened using
nuts and bolts; this led to a compression of the felt to 38% of its
original thickness until the carbon felt thickness was reduced from
5.5 mm to 2.1 mm. The overall active area of the cell was 103 cm2,
which makes it among the largest reported in the open literature.
The all-vanadium electrolyte solution was freshly prepared by
dissolving 2 M VOSO4.xH2O (99.9 wt.% purity, Alfa Aesar) in
5 M sulphuric acid solution where vanadium exists in V4þ state. A
volume of 80 ml each of electrolyte solution (V5þ on the positive
side and V3þ at the negative side) was prepared at an estimated
state of charge of 64% at the time of initial charging. The per-
formance of the cell was evaluated through consecutive
charge–discharge cycles at constant flow rates of the electrolytes
and at constant current density. While charging, the voltage was
restricted to an upper limit of 1.8 V, and while discharging, the
voltage was restricted to a lower limit of 0.8 V in all the cycles.
Nitrogen gas was continuously purged through the negative
electrolyte vessel to minimize the oxidation of V2þ. The electro-
chemical measurements (including polarization curves at different
electrolyte flow rates) were performed up to a maximum current
of 20 A using Biologic (SP 150 with external booster) Galvano-
stat/Potentiostat connected to the current collector plates. All the
experiments were conducted at room temperature of 30 C.
Fig. 3 Pressure drop between the inlet and the outlet of a 100
cm2 active area cell as a function of inlet Reynolds number for
serpentine, interdigitated, conventional, and enhanced cross-
flow split-serpentine flow field
Fig. 4 Electrochemical characterization of the cell: (a) voltage versus current density and (b)
power density versus current density at different electrolyte flow rates listed in ml min21
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Additionally, ex situ pressure drop measurements were performed
using water. The difference between the inlet and the outlet of the
VRFB cell was measured over a range of Reynolds numbers. The
results from these studies are discussed below.
3 Results and Discussion
3.1 Characterization of the Flow Field. The flow through
the split-serpentine flow field is complicated as it contains two
media: the rectangular flow passages in the graphite plate and the
carbon felt porous medium adjacent to it through which flow can
take place. The velocity and pressure variations over the cell and
the reactant distribution are influenced both by the global flow
rate through the flow field and the local resistances for the flow. In
view of the three-dimensional nature of the flow (see, for exam-
ple, Ref. [22]), the velocity and pressure fields have been simu-
lated using computational fluid dynamics (CFD) techniques. The
general procedure for the CFD simulation is similar to that
employed earlier by the present authors [25,22], among others,
and is not repeated here. The calculated pressure variation at mid-
height within the graphite plate flow channels is shown in
Fig. 2(a) for an inlet Reynolds number of 720 (defined based on
the average velocity and hydraulic diameter of the rectangular
channel). The flow enters at the top right-hand corner, splits into
two streams, one going straight and feeding the upper serpentine
and the other feeding the lower serpentine. The flow through the
channels is marked by a gradual decrease in pressure in the flow
direction. The reactant flow in the midheight electrode region,
which is induced by the pressure variations in the graphite flow
field, is illustrated in Fig. 2(b). One can see that the flow is not
uniform through the entire carbon felt. However, the induced pres-
sure variation by the flow path is such that fresh reactant is sup-
plied directly to the downstream felt region (the dark red regions
(dark regions) in Fig. 2(b) where strong cross flow occurs) to com-
pensate for the reactant depletion by the flow coming through the
serpentine channels. This would tend to improve the local stoichi-
ometric factor and reduce concentration polarization in the down-
stream sections of a serpentine flow path.
The experimentally measured pressure drop between the inlet
and the outlet of the flow field is compared in Fig. 3 with that
measured for different flow fields in a graphite plate and carbon
felt assembly of active area of 100 cm2. In all the cases, the chan-
nel cross section is the same, and at a given Reynolds number,
volumetric flow rate is the same. One can see that the enhanced
cross-flow split-serpentine flow field shown in Fig. 1 has signifi-
cantly lower pressure drop than the conventional or the
Fig. 5 Electrochemical characterization of the cell during charge–discharge cycling: (a) Cou-
lombic, voltage, and overall energy efficiency and (b) charge–discharge capacity versus cycle
number. The electrolyte circulation rate was maintained at 58 ml min21 during the first 50
cycles, at 88 ml min21 over the next 50 cycles, and at 114 ml min21 over the last 51 cycles.
Table 2 Comparison of peak power density with different cell configurations and at different electrolyte circulation rates
Flow rate (ml min1)
Cell configuration 28 58 88 114
Serpentine FF with SGL felt 112.4 135 143.8 151.0
ECSSFF with SGL felt 104.5 126.7 139.1 146.7
ECSSFF with VISPADH felt 157.5 180.0 190.6 193.6
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interdigitated or the serpentine flow field. This reduction can be
attributed to both reduced path length and reduced velocity of the
flow of the electrolyte.
3.2 Electrochemical Performance of the Cell. The polariza-
tion curve and the power density curve have been obtained at a
discharging current density of 50 mA cm2 at electrolyte circula-
tion rates of 28, 58, 88, and 114 ml min1. The circulation rates
can be made more electrochemically relevant by expressing them
as stoichiometric factors, which can be defined as ratio of the
amount of charge flowing through the inlet to that required to sus-
tain the electrochemical reaction at the given rate. Since the cur-
rent density is directly related to the reaction rate, as the current
density changes, the stoichiometric factor changes for a fixed inlet
flow rate of the electrolyte of given molarity. At high current den-
sities, the stoichiometric factor is low and this may contribute to
significant concentration polarization. One may note that the stoi-
chiometric factor depends also on the cell active area for a given
current density; the larger the cell, the lower will be the stoichio-
metric factor. In the present case, the four electrolyte flow rates
are such that they correspond to stoichiometric factors of 1.13,
2.34, 3.55, and 4.59 at a current density of 200 mA cm2. Thus,
one may expect significant concentration polarization effects to
occur for the lowest circulation rate. One can see from Fig. 4 that
for current densities of up to 90 mA cm2 or up to a stoichiometric
factor of 2.5 for the circulation rate of 28 ml min1, the flow rate
does not have any influence on the overpotential or the power den-
sity. At lower stoichiometric factor (or higher current density), the
V–i curve corresponding to 28 ml min1 starts deviating from the
rest showing signs of concentration polarization. Similarly, the
V–i curve corresponding to a flow rate of 58 ml min1 starts devi-
ating from the other two curves at a current density of about
170 mA cm2, which once again corresponds to a stoichiometric
factor of 2.5. Thus, the effect of circulation rate is primarily one
of increasing the limiting current density, and a minimum stoichi-
ometric factor of 2.5 should be used to prevent significant losses.
The charge–discharge performance of the cell has been studied
at a fixed current density of 50 mA cm2 at different electrolyte
circulation rates. The first 50 continuous charge–discharge cycles
were carried out at the electrolyte circulation rate of 58 ml min1,
which would correspond to a stoichiometric factor of 8.4 at a cur-
rent density of 50 mA cm2. After 50 consecutive charge–
discharge cycles, the electrolyte flow rate on both sides was
increased to 88 ml min1 for another 50 cycles. This was followed
by another 51 cycles at an electrolyte flow rate of 114 ml min1.
The charge–discharge performance of the cell is summarized in
Fig. 5. Here, Fig. 5(a) shows the measured Coulombic, voltaic,
and round-trip energy efficiency (defined as the Coulombic effi-
ciency multiplied by the voltaic efficiency) during the 151 consec-
utive charge–discharge cycles. Figure 5(b) shows the capacity
fade during the same period. One can see that the Coulombic effi-
ciency is very high and stable at a value of 98.3% throughout the
cycling. The voltaic efficiency too is stable but increases slightly
as the electrolyte circulation rate is increased. Steady energy effi-
ciency in excess of 80% has been achieved in all the cycles with a
maximum of 84% at the flow rate of 88 ml min1. A steady
capacity fade, amounting to about 0.26% per cycle, can also be
observed (Fig. 5(b)) over this period. This capacity loss may be
attributed to vanadium ion crossover, leading to imbalance
between positive and negative electrolytes and electric field
induced flux [26], as other factors such as gas evolution and elec-
trolyte leakage were not observed during the experiments. But for
this capacity fade, the energy efficiency could have been higher at
the circulation rate of 114 ml min1. Compared to the values
reported in the literature, the present data, obtained in a much
larger cell, can be seen to be among the best in terms of both
energy efficiency and capacity fade.
A comparison is made in Table 2 between the data previously
obtained for a serpentine flow field [23] with those obtained with
the new flow field (ECSSFF) with and without the activated flow
field at different electrolyte circulation rates. Since the pressure
drop is lower with the ECSSFF (see Fig. 3), the peak power is
lower at lower electrolyte circulation rates. As the circulation rate
increases, the higher pressure drop leads to sufficiently high con-
vective transport of the reactants through the electrode to achieve
peak power density comparable to that obtained with serpentine
flow field at the same circulation rate. The beneficial effect of
electrode activation in the form of improved Coulombic and vol-
taic efficiencies can be seen for all the flow rates. The improved
voltaic efficiency (of 85%) is the main contributor to signifi-
cantly higher energy efficiencies. Compared with our previous
data in a serpentine flow field [23], the superiority of the present
data can be attributed to the use of activated electrode which has
led to increased voltaic efficiency (of 85%). The peak power
obtained in the present case is 193 mW cm2 at a circulation rate
of 114 ml min1. This is about 20% more than the corresponding
value obtained in our previous study.
4 Conclusions
In this work, new data have been presented for an all-vanadium
redox flow battery equipped with an activated electrode and a
novel flow field that ensures uniform reactant distribution at
reduced pressure drops. Long-term testing of the cell over 151
charge–discharge cycles showed excellent stability with a high
energy efficiency of 84% at a flow rate of 88 ml min1 and low
capacity fade of 0.26% per cycle. The cell showed 20% improve-
ment in peak power and 30% lower pressure drop compared over
a cell having a different electrode and a serpentine flow field.
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